Single top quark production is a powerful process to search for new physics signs. In this work we propose and investigate a search for top quark flavor changing neutral currents (FCNC) via a photon using direct single top quark production events in proton-proton collisions at the LHC at CERN. We show that the direct single top quark final state can provide constraints on the strengths of tqγ (top-quark-γ) and tqg (top-quark-gluon) FCNC couplings simultaneously. Results of a search for direct single top quark production at the LHC at a center-of-mass energy of 8 TeV performed by the ATLAS collaboration are used to set first experimental limits on the anomalous FCNC top decay branching fractions B(t→ uγ) < 0.05% and B(t→ cγ) < 0.14% via direct single top quark production. Finally, the sensitivity of the proposed channel for probing the tqγ couplings at 13 TeV is presented.
Single top quark production is a powerful process to search for new physics signs. In this work we propose and investigate a search for top quark flavor changing neutral currents (FCNC) via a photon using direct single top quark production events in proton-proton collisions at the LHC at CERN. We show that the direct single top quark final state can provide constraints on the strengths of tqγ (top-quark-γ) and tqg (top-quark-gluon) FCNC couplings simultaneously. Results of a search for direct single top quark production at the LHC at a center-of-mass energy of 8 TeV performed by the ATLAS collaboration are used to set first experimental limits on the anomalous FCNC top decay branching fractions B(t→ uγ) < 0.05% and B(t→ cγ) < 0.14% via direct single top quark production. Finally, the sensitivity of the proposed channel for probing the tqγ couplings at 13 TeV is presented.
Introduction
The top quark, with a mass of 173.3 (±0.8) GeV [1] close to the electroweak symmetry breaking scale, is considered as an excellent probe to search for new physics beyond the standard model (BSM). Contributions of new particles or interactions of BSM physics can modify the production rate and properties of the top quark expected in the standard model (SM). In the SM, flavour changing neutral currents (FCNC) are forbidden at tree level and are suppressed at higher orders due to the Glashow-Iliopoulos-Maiani (GIM) mechanism [2] . The branching fractions of the top quark FCNC decays to up-type quarks and a gluon, photon, Z or Higgs boson predicted in the SM are extremely small (of the order of 10 −17 to 10 −12 ) and far beyond the current sensitivity of the experiments. On the other hand, these tiny branching fractions can be enhanced significantly in a number of new physics models for certain regions of the parameter space and could lie at the edge of present-day experimental limits (of the order of 10 −4 to 10 −6 ) [3] .
Enhanced top quark FCNC interactions can be described in a model-independent way using the effective Lagrangian approach. The most general effective Lagrangian for top quark FCNC interactions derived from dimension-six operators can be written as [3] :
Where κ qγ , κ qg , κ qZ and κ qH are the real and positive parameters which determine the strength of the new top quark FCNC interactions with a photon, gluon, Z and Higgs boson, respectively. In equation 1, e is the electron electric charge, g and g s are the weak and strong coupling constants, θ w is the Weinberg angle, P , single top quark production in association with a jet (c-f), single top quark production in association with a photon (g-h) and top quark decay to a photon and up-type quark from the SM tt production (i), via FCNC interactions in proton-proton collisions. channels, the t → qg channel suffers from a large QCD multijet background in hadron colliders. Therefore, direct single top quark signatures were chosen to search for tqg FCNC couplings [10] . In figure 1 (a), the Feynman diagram for the direct single top quark production via anomalous tqg interaction is shown. Another channel used by Tevatron to search for tqg FCNC couplings is single top quark production in association with a jet. This final state is similar to the SM single top quark production and is less sensitive compared to the direct single top production [11] . The discovery of the SM-like H scalar boson at the LHC made possible the search for FCNC top quark couplings associated with a H boson [12, 13] . The ATLAS and CMS experiments have performed searches for FCNC top quark decays involving the H boson in various H decay modes [14] . In addition to new constraints on the anomalous tqH couplings, the ATLAS and CMS experiments have significantly improved previous exclusion limits on the other FCNC couplings with Run I data. The best limits on the branching fraction of the FCNC top quark decays obtained at the LHC are summarized in table 1.
The LHC is also known to be a γγ and γp collider. This feature offers a unique possibility to test the electroweak properties of the SM and to probe some BSM physics scenarios [20] . The photon emitted by the proton can interact with an up-type quark in the other proton via anomalous tqγ interaction and leads to direct single top quark production. The leading order Feynman diagram of direct single top quark photoproduction is shown in figure 1 (b) . Direct single top q = u q = c B(t→ qg) 0.004% [15] 0.020% [15] B(t→ qγ) 0.013% [16] 0.17% [16] B(t→ qZ) 0.05% [17] 0.05% [17] B(t→ qH) 0.42% [18] 0.46% [19] quark photoproduction can be separated in two classes of events: the elastic photon emission, i.e. the proton emits a photon and remains intact; and the inelastic photon emission, i.e. the proton dissociates after emitting the photon. For elastic photoproduction, one proton is scattered with some energy loss and could be detected in spectrometers placed in the very forward region close to the beam line. By tagging the deflected proton in very forward spectrometers, photon initiated events can be clearly distinguished from the large background of inelastic proton-proton interactions. In addition, due to the presence of a color flow in inelastic pp interactions, the energy measured in the forward region is higher than for elastic photon initiated interactions. These two experimental signatures can be used to reduce the partonic background and to extract the photon initiated signal. However, the presence of extra pp interactions per bunch crossing (pile-up) in high luminosity pp collisions disables this method.
In the literature, photoproduction of the top quark is proposed in order to probe various properties of the top quark [20, 21] . In refs. [22] [23] [24] [25] [26] , direct single top quark production channel through the elastic photon emission at LHC is studied to probe the tqγ FCNC interactions. In the present paper, we propose and study the photoproduction of single top quark via both elastic and inelastic photon emissions for probing the anomalous FCNC tqγ interactions at the LHC. The sensitivity of the proposed channel will be studied and first experimental limits will be set on the anomalous tqγ couplings using results obtained by the ATLAS experiment in a search for single top quark production via FCNC at 8 TeV [15] . The organization of the paper is as follow. In section 2, the cross section calculation for photon initiated processes in pp collisions is discussed and numerical results for the single top quark photoproduction cross section are presented. In section 3, we perform an analysis similar to the one of ATLAS and set experimental limits to the tqγ couplings in section 4. Results on prospects at √ s = 13 TeV are presented in section 5. Finally conclusions are reported in section 6.
2 Single top quark photoproduction cross section
Calculation setup
As discussed in section 1, the LHC offers the possibility to study γq and γg interactions, and single top quark can be produced in the presence of FCNC tqγ couplings (see figure 1 (b) ). In this process, both elastic and inelastic photon emissions contribute to the total cross section, with different signatures in the final state. The γp → t cross section in which a quasi-real photon is emitted from the proton can be described by the equivalent photon approximation (EPA) [27] . The EPA factorizes the cross section of the photon induced process in high energy pp collisions into the cross section of γp folded with the photon flux. The photon flux, N (x, Q 2 ), is a function of the virtuality Q 2 and the energy of the emitted photon (or its energy ratio to the hadron's energy, x = Eγ E ):
If the photon is emitted from a nucleon which is not considered as a point-like particle, electromagnetic form factors should be taken into account in the photon flux calculation. Therefore, the photon flux from a proton can be written as [22] [23] [24] [25] [26] [27] :
where m p is the mass of the proton, α is fine-structure constant, µ p is the proton magnetic moment, F E and F M are the electric and magnetic form factors, respectively.
The above description also applies when the photon emission is inelastic by introducing structure functions instead of the electromagnetic form factors and redefining the minimum photon virtuality as:
where m X is the mass of the system produced after dissociation of the proton. Therefore, the cross section calculation requires the inclusion of the photon distribution functions in the proton, also called the photon PDF. The Photon PDF was introduced for the first time more than ten years ago by the MRST collaboration [28] . The CTEQ and NNPDF collaborations have proposed a more general parametrization to describe the photon PDF and have used constraints coming from the HERA and LHC data, respectively [29, 30] .
We implemented the effective Lagrangian defined in equation 1 into the FeynRules program [31, 32] and used the MadGraph amc@NLO program for the cross section calculation and event generation [33] . The EPA, implemented in MadGraph amc@NLO, is used to calculate the cross section of the direct single top quark production from elastic photon emission. For the inelastic photon emission, three PDF sets have been considered: MRST QED, CT14 QED and NNPDF23 QED, which include a photon component. 1 The top quark mass is set to 173 GeV in all parts of this study.
Signal channels
Effects of the FCNC tqγ coupling could be significant in some interesting single top quark production processes in pp collisions 1 which are as follows:
• direct single top quark production (pp → t), the representative Feynman diagram is shown in figure 1 (b);
• single top + jet production (pp → t+jet), representative Feynman diagrams are shown in figure 1 (c-f);
• single top + photon production (pp → tγ), representative Feynman diagrams are shown in figure 1 (g-h);
• top decay to up-type quark and photon in tt events (pp → tt → tγq), the representative Feynman diagram is shown in figure 1 (i).
In the presence of tqγ FCNC couplings, the direct single top quark production is possible in pp collisions when the photon is emitted from one of the protons. In the final state of this process, no additional particle is produced in association with the top quark. This feature can be used to differentiate this process from the SM single top quark production process where an additional jet is present in the final state. The direct single top quark production via tqg FCNC couplings (see figure 1(a)) is probed experimentally by the ATLAS collaboration at √ s = 8 TeV [15] . The sensitivity of the direct single top quark production for constraining the tqγ couplings will be discussed in detail in latter sections.
The pp → t+jet process can occur via two ways: the photon is in the initial state (see figure 1 (c,d)) and a photon is in intermediate state (see figure 1 (e,f)). Due to the contribution of the various particles with different PDF and the presence of the QED and QCD coupling constants, all diagrams play a role in the total cross section. The final state of the pp → t+jet process is almost similar to the one from SM single top quark production. The t+jet final state is probed by the CMS collaboration at √ s = 8 TeV to search for tqg FCNC signatures [35] . This process also has not been used to search for tqγ FCNC interactions experimentally.
In addition to the photon induced signatures, the anomalous tqγ FCNC couplings leads to the anomalous single top quark production in association with a photon and to decays of top quark to an up-type quark and a photon. These two processes, pp → tγ and pp → tt → tγq, have little SM background compared to pp → t and pp → t+jet processes because of the photon in the final state. The pp → tγ process is employed by the CMS collaboration and the most stringent limit on the anomalous tqγ couplings is set [16] .
Numerical results
The cross sections of direct single top quark production via tqγ FCNC interactions for elastic and inelastic photon emission as a function of the anomalous couplings κ uγ and κ cγ for √ s = 8 and 13 TeV are summarized in table 2. The contribution of the tuγ anomalous coupling to the total cross section is larger than the one of the tcγ coupling since the u quark PDF has the dominant distribution (for x values above 0.1). The inelastic cross section is approximately three times larger than the elastic one for a given anomalous coupling. However, the contribution of the elastic interaction to the total cross section is not negligible. Finally the cross section of the anomalous top quark decays in tt events can be written as:
where In figure 2 , the cross sections of all four mentioned channels for probing tqγ FCNC interactions are shown as a function of the branching fraction of the t → qγ anomalous decays at 8 and 13 TeV. One can see that the photon induced direct single top quark production has the highest cross section for a given value for the branching fraction, followed by the pp → t+jet channel. Therefore, considering the direct single top quark production can lead to a significant improvement in the sensitivity of the searches for the tqγ FCNC at the LHC.
In the presence of the tuγ FCNC coupling (κ cγ = 0), the pp → tγ channel and the pp → tt → tγu channel have almost the same cross section at 8 TeV. However, the pp → tt → tγu cross section benefits more from the increase of the center of mass energy from 8 to 13 TeV (see figure  2 (left) ). In order to exclude B(t → uγ) for values above 10 −4 , we need to reach the values of 40 fb, 50 fb, 200 fb and 400 fb for the upper bounds on the cross sections in pp → tγ, pp → tt → tγu, pp → t+jet and direct single top quark channels respectively for √ s = 8 TeV. For √ s = 13 TeV, these values are 100 fb, 170 fb, 400 fb and 600 fb in pp → tγ, pp → tt → tγu, pp → t+jet and direct single top quark channels.
The pp → tγ channel has the lowest cross section among these four channels for a given value of the tcγ FCNC coupling (κ uγ = 0). For instance, the cross section of pp → tγ process is around 30 (20) times smaller than the cross section of direct single top quark production at √ s = 8 TeV (13 TeV). The cross section of the pp → tt → tγc channel is the same as pp → tt → tγu channel and increases by a factor of ∼3 from 8 TeV to 13 TeV.
Analysis setup
Four signal channels, for probing the tqγ FCNC interactions in pp collisions, were discussed in section 2. All signal channels have single top quark in the final state.
The SM backgrounds for each signal channel are different due to the presence or not of extra objects in the final state. Therefore, different event selection should be used to reach the highest sensitivity for each channel. The direct single top quark production (pp → t) and single top quark production in association with a jet (pp → t+jet) final states have been studied to search for tqg FCNC interactions by the ATLAS and CMS collaboration, respectively [15, 35] . No excess over the predicted SM background has been observed and the FCNC parameters are constrained consequently. The results of the pp → t and pp → t+jet can be reinterpreted to constrain the tqγ FCNC interactions. The main purpose of this paper is to study the sensitivity of the direct single top quark production channel for probing the FCNC tqγ interactions. Therefore, we will focus on the direct single top quark production and add the pp→ t+jet, pp → tγ and pp → tt → tγq contribution to the signal region to increase the search sensitivity.
Experimental input
Since the hadronic decay modes of the top quark suffer from large background from QCD processes, we focus on its leptonic (electron or muon) decay channels. Events from qγ → t → Wb → νb are characterized by an isolated electron or muon, exactly one jet from the b-quark hadronization and missing transverse energy (E miss T ) due to the presence of an undetected neutrino in the final state. In order to use the experimental published results to evaluate the sensitivity of direct single top quark production channel for probing the tqγ interactions we follow closely the analysis strategy presented in [15] by the ATLAS collaboration. In the ATLAS analysis, a search is performed for direct single top quark production via tqg FCNC interactions using 8 TeV pp collision data, corresponding to an integrated luminosity of 20.3 fb −1 .
The events in data and Monte-Carlo simulations are selected as follows:
• exactly one electron candidate with p T greater than 25 GeV and |η| < 2.47 (the calorimeter barrel-endcap transition region of the ATLAS detector, 1.37 < |η| < 1.52, is excluded), or exactly one muon with p T > 25 GeV and |η| < 2.5. In addition, identification and isolation criteria are applied on the electron and muon candidates (see details in [15] );
• jets are reconstructed using the anti-k t algorithm [37] with a radius parameter of 0.4 and are required to have p T > 25 GeV and |η| < 2.5. Among the selected jet, exactly one jet, with p T > 30 GeV and |η| < 2.5 originating from b-quark (b-tagged jet) is required;
• E miss GeV.
Various SM processes with a similar signature can mimic the new physics signal events. The most important background sources for this analysis are from SM top-quark (single top and tt), W+jets, Z+jets and multi-jet production. The contribution of the SM backgrounds is estimated with MC simulated samples normalized to the total integrated luminosity except for multi-jet background. Data driven methods are used to estimate the normalization of the multi-jet background while the shape is established from simulated samples (more details can be found in [15] ). After event selection and background estimation procedure, ATLAS data are well described by the SM prediction and no sign of new physics signal was observed.
Signal simulation
Signal events are generated using the MadGraph amc@NLO event generator at 8 TeV as described in section 2. Due to the fact that the kinematic distributions of the final state particles are independent of the strength of the FCNC couplings, signal samples are produced with an arbitrary assumption for κ uγ and κ cγ . For each signal process, three samples are generated:
For the pp → tγ and pp → t+jet processes, thresholds are set on the photon and jet transverse momenta as discussed in section 2.3. The branching fraction of the top quark to W boson and b quark is assumed to be 100% at the generator level. Signal events from tau decays to electron or muon are also included in signal samples. The NNPDF QED is used as the nominal PDF [30] .
Generated events are passed through Pythia 8 [38] for the parton showering and hadronisation. In order to simulate the detector effects, Delphes [39] simulator is employed. The official ATLAS detector card in Delphes is used, except for the b-tag efficiency (57%) and miss-tag rate (0.2%), as reported in ref. [15] .
The signal selection efficiency for direct top quark production via tqg FCNC interaction is estimated to be 3.1% by the ATLAS collaboration [15] . In table 4, results of our simulation for signal selection efficiencies are presented. In the first row, the signal selection efficiency for the direct top quark production via tqg FCNC interactions is shown. Our calculated efficiency is close to the ATLAS one although slightly lower. This difference can be due to some phenomena that we have not considered in our simulation like pileup and trigger effects. This can also come from the energy scale, energy resolution, identification and isolation differences for electron, muon and jets between full simulated ATLAS samples and our fast simulated samples. In order to account for the difference between the Delphes simulated samples and the ATLAS samples we normalize the signal selection efficiencies to the values extracted from the tqg FCNC samples.
It can be seen in table 4 that the selection is slightly more efficient for the photon initiated production compared to gluon initiated one. The presence of an extra jet in pp → t+jet and pp → tt → tγu process decreases the signal selection efficiency for these processes compared to direct single top quark production. The signal selection efficiency for the pp → tγ process is comparable Table 4 : Signal selection efficiency for various signal sample with tqγ and tqg FCNC couplings.
The last column gives the signal selection efficiency normalized to the ATLAS tqg DELPHES tqg . with pp → t process since no selection is required on the photon in final state. The signal selection efficiencies are reported for different coupling assumptions. Various combinations of κ uγ and κ cγ lead to small changes in signal selection efficiencies due to the different PDF of the up quark and charm quark. However, it is observed that the kinematic distributions of the final state particles have almost the same behavior for various combination of the κ uγ and κ cγ anomalous couplings.
Limits
In the search for direct single top quark production performed by the ATLAS collaboration, multivariate analysis techniques have been used to separate SM background events from signal candidates. To find a single powerful discriminator, the following variables are combined in a neural network classifier [40] : transverse masses of the reconstructed top quark and W boson, transverse momenta of the lepton, the b-jet and the W boson, charge of the lepton, pseudorapidities of the lepton and the reconstructed top quark, ∆R(t, ), ∆R(t,b-jet), ∆φ(t,W) and cosθ( , b-jet). A binned maximum likelihood fit is performed to the neural network output distribution in the signal region. As no clear evidence of signal is observed, 95% confidence level upper limit on the anomalous FCNC single top quark production times the t → Wb branching fraction is set to 3.4 pb, while 2.9 +1.9 −1.2 pb is expected [15] .
Although using the multivariate analysis technique provides better sensitivity for experimental searches, it leads to more complicated result interpretations for phenomenologists. The upper limit in [15] is obtained by analyzing the shape of the neural network output. Therefore, one should make sure that the various distributions of understudy signals are similar to the ones of the ATLAS experimental search in order to use their experimental results. Figure 3 presents the distributions of the four most important discriminating variables: the transverse mass of the reconstructed top quark, the transverse momentum of the lepton, ∆R(t, ) and the transverse momentum of the b-jet. The direct single top quark production due to the anomalous FCNC tqg (signal assumed in [15] ) and tqγ (the photon initiated signal) are compared in figure 3 . These two channels have very similar distributions for the variables which are important in the neural network training. Therefore, we can use the upper bound obtained on the direct single top quark production cross section via tqg FCNC interactions to constraint the tqγ signal strengths.
In addition to the main signal channel (pp → t), the distribution for other complementary signal channels are also shown in figure 3 . One can see that the pp → t+jet process has almost the same behavior as pp → t, while other channels behave differently. Since the important neural network variables are different for processes with an extra photon in the final state and for direct single top quark production, the observed limit estimation should be redone with the shape of all signal processes added. On the other hand, the contributions of the pp → t, pp→ t+jet, pp → tγ and pp → tγq to the total signal cross section are 73% (71.5%), 20% (23.4%), 1% (3.1%) and 6% (2%), respectively, for the tuγ (tcγ) FCNC coupling. Therefore, the change in the total signal shape when adding the pp → tγ and pp → tγq contributions is negligible and we only consider their contributions in the total number of signal events in our limit calculation.
The observed upper limit reported by the ATLAS collaboration is used to constrain the anomalous top quark branching fraction to u/c quark and a photon. In table 5, results are presented when only direct single top quark production is considered as signal and when all tqγ signals with single top quark in the final state are added. These results are also given in figure 4 (left) . In the ATLAS analysis, the upper limits are set on the top quark branching fraction FCNC decays, B(t → ug) 
0.056 0.07% 0.092 0.19% All signal channels 0.048 0.05% 0.078 0.14% Table 5 : The upper limit at 95% confidence level on the tqγ FCNC couplings and the branching fraction of top quark FCNC decays through pp → t only process and the combination of pp → t, pp → t+jet, pp → tγ and pp → tt → tγq processes.
One of the most important uncertainty sources for the pp → t process is the PDF uncertainty especially originated from the photon PDF. The PDF uncertainty has been computed using SysCalc package inside the MadGraph amc@NLO. With the NNPDF QED set a variation of the cross section for the pp → t process of 12% is obtained. Although the value of the PDF uncertainty calculated from the NNPDF QED set is reasonable we have observed large variations on the predicted cross sections of pp → t process due to the use of different PDFs especially between CTEQ QED and MRST QED (see table 2 ). This issue needs to be discussed with the related PDF collaborations and a correct uncertainty should be assigned to the signal cross section when this channel is used by experimental collaborations. For our study, we have ignored the potential different values for the signal systematic uncertainties between the gluon initiated and photon initiated direct top production.
13 TeV projection and discussion
The ATLAS and CMS experiments have been collecting data at 13 TeV since 2015. The LHC has reached the designed luminosity and the objective of 30 fb −1 of data delivered to experiments for the whole of 2016 is within sight. More data will come in years 2017 and 2018. In this section we present the sensitivity of our analysis at 13 TeV and for various luminosity scenarios. In order to estimate the reach of the proposed channel for probing the tqγ FCNC coupling at higher center of mass energy we have projected the 8 TeV results obtained in this paper to 13 TeV for 30 fb −1 and 300 fb −1 of integrated luminosity. In the projection procedure it is assumed that the experimental searches can reach the same upper bound as ATLAS reached at 8 TeV [15] on the new physics signal cross section. In figure 5 , the projection results are shown for 30 fb −1 and 300 fb −1 of integrated luminosity at 13 TeV in the κ cγ − κ uγ plane. The direct single top production channel can exclude the κ uγ and κ cγ couplings up to 0.037 (0.012) and 0.054 (0.017), respectively, with 30 fb −1 (300 fb −1 ) of integrated luminosity at 13 TeV. These limits on anomalous couplings are translated to limits on B(t → uγ) and B(t → cγ) and are summarized in Figure 6 : Distributions of the reconstructed top quark mass (left) and top quark transverse momentum (right) for signal processes (pp → t via tqγ and tqg FCNC interactions), W+HF, single top and tt production.
In addition to the projection results, the limits obtained in this paper and the most stringent experimental bounds to date on the tqγ couplings obtained in [16] by the CMS collaboration are shown in the figure. The limits obtained by the CMS collaboration on the coupling strengths are corrected for the differences in the parameter definition in their Lagrangian. Although the pp → tγ channel which is used by the CMS collaboration has better sensitivity at 8 TeV for the κ uγ coupling (because of the clean signature and higher rejection of backgrounds) the pp → t channel allows to improve the sensitivity for the κ cγ coupling. With 2016 data, this channel can probe almost the same value as CMS [16] for κ uγ and can improve the limit on the κ cγ by a factor of 2.
The direct single top quark production cross section via FCNC couplings are linearly dependent on the anomalous branching fraction as is shown in figure 2 . If the upper limits obtained in the experimental searches become better, the upper bounds on the anomalous couplings will improve significantly. In the following we propose two variables that can be employed to find better bounds on the new physics signal cross section.
The contribution of the various SM backgrounds in the signal region are reported by the AT-LAS collaboration in [15] . The production of the W boson in association with heavy flavor quarks (W + HF) constitutes around 60% of the whole SM background followed by the single top and tt with 13% and 11%, respectively. For W + HF production, a 50% uncertainty on the normalization is found which affects the upper limit significantly. Therefore, rejecting the W + HF events increases the search sensitivity in the signal region. One of the most important discriminating variable between W+HF and direct single top quark production is the top quark mass as shown in figure 6 (left) . Although the transverse mass of the top quark is used in the NN training in ref. [15] the top quark mass presents a better discrimination power. This variable can also be used in the signal region selection criteria. By selecting events with reconstructed top mass greater than 140 GeV, 35% of the W + HF events are rejected while 10% of signal events are lost. In addition to the top quark mass, the transverse momentum of the top quark is a good discriminant variable between the signal and tt events. The top quarks produced through SM processes have harder p T spectrum compared to direct top production through the FCNC interactions as shown in figure 6 (right). This variable can also be used in the neural network training.
Conclusions
In this study we introduced the direct single top quark production as a powerful tool to probe the tqγ FCNC interactions. The most important feature of this proposal is that experimental searches can use the single top quark final state without requiring the presence of the scattered proton in the forward region spectrometers as was proposed by previous studies [23] [24] [25] . Therefore, the search can be done in the presence of the high number of pileups and high luminosity as it is the case at the LHC, and can benefit from the large number of events which are being recorded by ATLAS and CMS experiments at 13 TeV. It was shown that the direct single top quark production via tqg and tqγ FCNC interactions leads to the same final states with similar event kinematics for final state particles. Therefore, one experimental search can be used to probe these two top quark FCNC interactions simultaneously.
In addition to the direct single top quark production, the pp → t+jet process is also examined for the tqγ FCNC search with the same final state. Although considering pp → t+jet process as a complementary signal channel improved the sensitivity of the search, one can benefit further from this channel if one selects final states with top quark and extra jet. The CMS collaboration has done an analysis for probing the tqg FCNC interactions through the pp → t+jet channel [35] which can be used to constrain the tqγ FCNC couplings with a similar analysis as we have done here for the pp → t process.
The results of the search for direct single top production through tqg FCNC interactions performed by ATLAS collaboration are reinterpreted to set constrain on the tqγ FCNC anomalous couplings. Using 20.3 fb −1 of data collected by ATLAS experiment at 8 TeV, the following limits at 95% CL are obtained on the FCNC branching fractions: B(t → uγ) < 0.07% and B(t → cγ) < 0.19%. It was shown that the limits will reach B(t → uγ) < 0.05% and B(t → cγ) < 0.14% if all signal channels related to the tqγ FCNC interactions are combined. Furthermore, the sensitivity of the direct single top quark process for excluding the anomalous tqγ couplings are predicted at √ s = 13 TeV for different luminosity scenarios. Finally, two powerful discriminant variables which are not used in the ATLAS analysis for the neural network training are introduced and discussed.
